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Abstract
Many commonly used non-steroidal anti-inflammatory drugs (NSAIDs) also cause gastrointestinal toxicity, including the
development of life-threatening peptic ulcers. We report that mast cell-deficient mice have an extremely high incidence of
severe peptic ulceration when exposed to the NSAID piroxicam. This enhanced ulcer susceptibility can be reversed by
reconstitution with mast cells. Furthermore, wild type mice treated with diphenhydramine hydrochloride, a commonly used
antihistamine that blocks histamine H1 receptors, develop a similarly high incidence of peptic ulcers following piroxicam
exposure. The protective effect of mast cells is independent of TNF, blockade of H2 receptors, or acid secretion. These data
indicate a critical role for mast cells and the histamine that they produce in prevention and/or repair of piroxicam-induced
gastric mucosal injury. Additional studies will be required to determine whether this represents a NSAID class effect that can
be exploited to develop novel therapeutic strategies to limit the incidence of NSAID-induced side effects in humans.
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Introduction
Peptic ulcers result from an imbalance between factors that
damage the mucosa and the normal mucosal defense and repair
mechanisms. Examples of factors that predispose to ulceration
include Helicobacter pylori infection, stomach acid, stress, alcohol,
tobacco, and non-steroidal anti-inflammatory drugs (NSAIDs)
[1,2]. Thirty million people use NSAIDs daily, with frequent use
reported by up to 70% of some populations [3–6]. This
widespread use makes NSAID-associated peptic ulcer disease
(PUD) a significant public health concern which is associated with
high annual treatment costs [7,8].
Inhibition of cyclooxygenases (COX) that produce prostaglan-
dins (PGs) is thought to account for both the anti-inflammatory
effects and the gastrointestinal (GI) toxicities of NSAIDs. PGs
coordinate secretion of protective mucus, surfactant, and bicar-
bonate, reduce acid secretion, decrease epithelial permeability,
increase mucosal blood flow, and enhance inflammation [9,10].
Although it was hypothesized that selective inhibition of COX-2
could control pain while preventing adverse effects, COX-2-
specific NSAIDs still have GI toxicity [11,12] and they also
increase risk of cardiovascular events [13–15]. Studies in COX-1
knockout mice suggest that NSAID-induced damage can be
unrelated to COX-1 inhibition and PGE2 levels [16,17]. Possible
mechanisms include bile reflux, since gastric ulcers related to
systemic NSAID administration can be reduced or eliminated by
blocking or diverting bile flow [18,19]. NSAIDs may also
compromise mucosa through their inherent acidic properties or
through effects on epithelial cell proliferation and apoptosis,
mucosal blood flow, or production of growth factors or
antioxidants.
Ulcer healing requires formation of granulation tissue, angio-
genesis, re-epithelialization, proliferation, and tissue remodeling.
Mast cells have been shown to contribute to wound healing in the
skin by modifying neutrophil trafficking, angiogenesis, and
remodeling of the extracellular matrix. In this study, wild type
(WT) and mast cell-deficient mice were used to investigate the role
of mast cells in NSAID-induced gastrointestinal injury and
healing. Results showed that mast cell-deficient mice were
exquisitely sensitive to peptic ulceration induced by the NSAID
piroxicam. This sensitivity could be reversed by mast cell
reconstitution or by administration of antihistamines to WT mice.
Taken together, the data suggest a critical role for mast cells and
the histamine they produce in repair of piroxicam-induced gastric
mucosal injury.
Results
Mast cell-deficient Sash mice are highly susceptible to
piroxicam-induced peptic ulceration
Mast cell-deficient Sash mice were noted to lose weight very
rapidly when fed powdered chow containing 200 ppm piroxicam
(Figure 1A). Necropsy showed marked gastric distension, with
stomachs increased to $46 normal size in 17 of 24 (71%) of
exposed mice (Figure 1B, C; Figure 2A). Retained food, fluid, and
air suggested gastric outlet obstruction. Ulcers were present at the
gastro-duodenal junction in 15 of 18 Sash mice examined
histologically (Figure 1D; Figure 2B), with marked inflammatory
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Ulceration was much less common in piroxicam-exposed WT
mice (4 of 13 mice, 31%; Figure 2B; p,0.01 vs. Sash mice) and,
when ulcers were present, they were smaller and did not result in
gastric outlet obstruction (Figure 1E; Figure 2A).
Susceptibility to severe ulceration and gastric outlet
obstruction following piroxicam-exposure is mast cell-
dependent
To determine the role of mast cells in susceptibility to
piroxicam-induced peptic ulceration, mast cell-deficient Sash mice
[20,21] were reconstituted with bone marrow-derived mast cells
(BMMC) prior to piroxicam exposure. Reconstitution with
BMMC eliminated the susceptibility of Sash mice to gastric outlet
obstruction (Figure 2A) and restored the frequency of gastric
ulceration in response to piroxicam to a level statistically similar to
what is observed in WT mice (Figure 2B). Mast cells in various
stages of degranulation could be observed adjacent to areas of
ulceration at the gastrointestinal junction of both wild type and
mast cell-reconstituted Sash mice (Figure 3).
The protective effect of mast cells is not due to TNF
production
Activated mast cells release granules containing histamine,
heparin, basic proteinases (e.g. tryptase), and chemokines, as well
as the pro-inflammatory cytokine TNF. Mast cell-derived TNF
was previously shown to be critical for protection against infections
and for development of adaptive immune responses against
pathogens [22–24]. To test the role of TNF in NSAID-induced
ulceration, mice globally deficient in TNF were exposed to
200 ppm piroxicam. Peptic ulcers occurred in 4 of 11 Tnf
2/2 mice
and gastric outlet obstruction was observed in 1 of 11 mice. These
incidence rates are statistically similar to what was observed in WT
mice (Figure 2). Thus, TNF is not required for protection against
peptic ulceration induced by piroxicam.
Mast cell-derived histamine protects against piroxicam-
induced peptic ulceration
To test the importance of histamine in piroxicam-induced
peptic ulceration, WT and Sash mice were pre-treated with
antihistamines provided in drinking water for 2 days prior to and
during a 5 day exposure to piroxicam. Treatment with the
histamine H1-receptor antagonist diphenhydramine hydrochlo-
ride did not affect the incidence or severity of peptic ulcers in
piroxicam-exposed Sash mice (Figure 4), consistent with their lack
of mast cell sources of histamine. However, similar treatment of
piroxicam-exposed WT mice gave a dose-dependent increase in
ulcers, with ulcer incidence at 40 mg/ml diphenhydramine
equivalent to that seen in Sash mice (Figure 4A). In a separate
study, treatment of WT mice with the histamine H1-receptor
antagonist hydroxyzine hydrochloride at 40 mg/ml in drinking
water prior to and during piroxicam exposure also showed a trend
toward increased ulcer incidence (60%; n=10). These data
strongly implicate mast cell-derived histamine acting through H1
receptors as a mechanism that protects against NSAID-induced
peptic ulceration. However, ulcers in antihistamine-treated WT
Figure 1. Mast cell-deficient Sash mice are highly susceptible to NSAID-induced peptic ulcers. A. Mean weight data is shown for 13 Sash
and 10 wild type (WT) mice exposed to 200 ppm piroxicam in their diet. SEMs ranged from 0.4–1.6% of pre-treatment weight; error bars were
omitted for clarity. The rapid weight loss correlates with decreased intake of food and water. Euthanasia for humane reasons was typically required
on days 4–6. * indicates p#0.05 relative to WT mice. Piroxicam-exposed Sash mice demonstrated marked gastric distension by gas and fluid (B,
bottom half of panel C) compared with Sash mice not exposed to piroxicam (labeled ‘‘control’’ in panel C). Histologic examination showed ulceration
at the gastroduodenal junction (E) of Sash mice, with marked inflammatory cell infiltration and edema that led to gastric outlet obstruction. WT mice
(D) do not typically develop ulcers or changes in stomach size with piroxicam exposure.
doi:10.1371/journal.pone.0023669.g001
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both histologically and based on the lack of gastric outlet
obstruction in diphenhydramine-treated WT mice. Treatment
with the histamine H2-receptor antagonist ranitidine had no effect
on the incidence of peptic ulcers in piroxicam-treated WT or Sash
mice (Figure 4B).
Inhibition of acid secretion does not protect against
piroxicam-induced peptic ulcers
Blocking secretion of mucosa-damaging acid has been recom-
mended to decrease the chance of NSAID-induced GI toxicity
[25]. To test this, Sash and WT mice were treated with the proton
pump inhibitor (PPI) omeprazole for 7 days prior to and
continuing during the 5 days of piroxicam exposure. The pH of
gastric lavage fluid in a separate cohort of mice analyzed after 7
days of PPI treatment increased from 2.960.3 (mean 6 SEM;
n=8) in control mice to 4.460.3 (n=3) in PPI-treated mice
(p=0.01). This corresponds to a decrease in acid secretion of 97%.
However, despite this efficacy in acid reduction, omeprazole
treatment did not decrease the incidence of piroxicam-induced
peptic ulcers in Sash mice and most of these mice still developed
marked gastric enlargement or gastric outlet obstruction (Figure 5).
All mice with stomach enlargement .46normal had ulcers at the
gastro-duodenal junction. However, gastric enlargement 2–46
normal was seen in 2 Sash mice that had acute gastritis and edema
of the stomach wall without frank ulceration. PPI treatment also
did not affect incidence of piroxicam-induced ulcer in WT mice (1
of 5 mice=20%; compare to Figures 1, 2).
COX inhibition alone is insufficient to explain ulcer
susceptibility in Sash mice
Piroxicam has significant activity against both COX-1 and
COX-2 enzymes. To test the role of COX inhibition in ulcer
susceptibility, Sash and WT mice were exposed to either the COX-
1 inhibitor ketorolac, the COX-2 inhibitor etodolac, or both,
formulated at 20 mg/kg powdered rodent chow for 7 days. None
of these mice experienced significant weight loss or gastric
enlargement suggestive of gastric outlet obstruction. Ulcers were
seen histologically on day 7 in 1 of 5 Sash mice exposed to
ketorolac, 0 of 5 mice given etodolac, and 0 of 5 mice given both
drugs. Thus inhibition of COX-1, COX-2, or both enzymes alone
seems inadequate to explain the gastric toxicity of piroxicam in
Sash mice.
Piroxicam impairs survival and proliferation of gastric
epithelial cells
The AGS gastric epithelial cell line was used to further
investigate the toxicity of NSAIDs on gastric epithelial cells in
vitro. Ketorolac, etodolac, and piroxicam all reduced cell
proliferation, but the magnitude of effect was greatest for
piroxicam (Figure 6A). Piroxicam also reduced cell survival
relative to control and to ketorolac or etodolac (Figure 6B). We
previously showed that piroxicam induced apoptosis in colonic
epithelial cells in vivo (40), however the decreased survival of
piroxicam-exposed AGS gastric cells was not due to increased
apoptosis (Figure 6C). Taken together, the data suggest that
piroxicam has a direct toxic effect on gastric epithelial cells that
both decreases their proliferation and decreases their survival via
non-apoptotic mechanisms.
Discussion
The data show that mast cell-deficient Sash mice develop peptic
ulcers in response to oral exposure to piroxicam. These ulcers are
severe, leading to occlusion of the gastric outlet by inflammation.
Ulceration and gastric outlet obstruction in these mast cell-
deficient mice are both prevented by restoring mast cells. This
susceptibility to ulceration can be recapitulated by treating WT
mice with diphenhydramine, an antihistamine that blocks the
histamine H1 receptor. Taken together, these data indicate that
mast cell-derived products, including histamine acting through H1
receptors, are vital for prevention and/or repair of NSAID-
induced gastric epithelial injury.
The first line of gastric mucosal defense consists of luminal
factors such as mucus, bicarbonate, and surfactants. Epithelial
factors that provide further protection include tight adherence of
cells, high resistance of apical membranes to acid, rapid extrusion
of apoptotic cells, and rapid restitution following epithelial damage
(e.g. a denuded rat stomach can cover 95% of its area with
epithelial-appearing cells in 1 hour [26]). Extruded plasma can
mix with mucus released by damaged epithelial cells to form a
protective mucoid cap [27]. If these protective measures fail,
inflammatory responses and ulcer healing are invoked [28].
Granulation tissue consisting of fibroblasts, macrophages, and
angiogenic endothelial cells forms at the ulcer base within 48–
72 hours. Viable epithelial cells at the ulcer margin de-differen-
tiate, proliferate, and migrate onto the granulation tissue to cover
Figure 2. Mast cell-deficient mice are more susceptible to
peptic ulceration when exposed to piroxicam. Significantly more
Sash mice developed grossly evident gastric outlet obstruction defined
as gastric enlargement .46 normal (A) and histologically detected
peptic ulcers (B) when exposed to piroxicam, compared with WT or
Tnf
2/2 mice. Both the increased sensitivity to peptic ulcers and gastric
outlet obstruction appeared to be mast cell-dependent, since they
reversed when Sash mice were reconstituted with mast cells (Sash+GFP-
MC), but were not TNF-dependent since Tnf
2/2 mice had a similar
incidence of gastric ulceration and gastric outlet obstruction as WT
mice. * indicates p#0.05 relative to WT.
doi:10.1371/journal.pone.0023669.g002
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leaving an underlying scar [29].
Involvement of mast cells in gastric ulceration and healing has
been suggested previously [28,30–34], but conclusive proof was
not obtained for either effect or mechanism. In skin, mast cells
primarily appear to be involved in the initial response to epithelial
injury [reviewed in 35]. Mast cell degranulation occurs quickly in
proximity to a wound [36]. Dermal wound healing is impaired in
mast cell-deficient Kit
W/Kit
W-v mice, with decreased immediate
increase in vascular permeability and delayed wound closure
[35,37]. These findings could be reproduced by treating WT mice
with a histamine H1-receptor antagonist, but not with H2-
receptor or TNF antagonists. Scald wounds also showed delayed
healing in mast cell-deficient mice [38].
We found a similar striking impairment of NSAID-induced
gastric wound healing in mast cell-deficient Sash mice. Unlike the
mast cell-deficient Kit
W/Kit
W-v mice used in previous studies
[31,39], Sash mice do not lack TCRcd T cells and do not develop
spontaneous gastric ulcers. However, they do appear to lack
interstitial cells of Cajal, which may predispose them to bile reflux
that can also be ulcerogenic [40]. The gastric outlet obstruction
seen in NSAID-exposed Sash mice would completely eliminate any
potential reflux of bile, although this does not rule out bile acid
gastric toxicity as a component of the initial insult. It is also
possible that the role of mast cells in reducing NSAID-induced
injury may be different in WT vs. Sash mice. However, taken
together, the observations that reconstitution of Sash mice with
mast cells eliminated susceptibility to ulcers and that ulcer
susceptibility could be reproduced in WT mice by blockade of
histamine H1-receptors provides definitive evidence that mast cells
are the primary factor in the observed phenotype, rather than
epithelial abnormalities induced from bile reflux from the Kit
W-sh
genotype. Mast cell TNF production can also be eliminated as a
mechanism for protection from gastric ulcers since TNF-deficient
mice did not show increased ulcer susceptibility. Histamine can
also be produced by platelets, but the similarity in phenotype
between the Sash mice and wild-type mice treated with
antihistamines suggests mast cell-derived histamine as the primary
contributor.
Other mast cell-produced factors may also play a role in
protection against NSAID-induced injury and/or facilitation of
mucosal repair. FGF2 is produced by mast cells and can help
prevent and heal NSAID-related ulcers [41,42]. Higher mucosal
tryptase levels were seen in humans infected with H. pylori strains
that were less likely to cause ulcers, suggesting that mast cell-
derived tryptase may promote mucosal turnover and healing [43].
Figure 3. Mast cells in various stages of degranulation are present at the site of peptic ulceration. Hematoxylin and eosin- (panel A) and
toluidine blue-stained sections (panels B–F) show a peptic ulcer located at the junction between the stomach (s) and duodenum (d). Arrowheads
denote the extent of the ulcerated region. The intense purple staining adjacent to the arrowheads in panel B is derived from necrotic debris,
inflammatory cells, and large numbers of metachromatic granules. Panel C shows the boxed region from panel B at higher magnification. Arrows
point out mast cells in various stages of degranulation, as shown in panels D, E, F. Bar represents 200 mm in panels A and B and 100 mm in panel C.
doi:10.1371/journal.pone.0023669.g003
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mitogen following wounding [44].
It is important to note that these studies only used the NSAID
piroxicam as an ulcerogenic stimulus. Thus additional studies will
need to be performed to determine whether these results represent
a NSAID class effect that can be exploited to limit the incidence of
NSAID-induced side effects in humans. Despite considerable
study, the physical and biochemical properties necessary for an
NSAID to exhibit gastric toxicity remain poorly understood. The
piroxicam concentration required to effectively inhibit COX
enzymes in vitro is 1–5 mM [45]. Incubation with piroxicam
concentrations ranging up to 100 mM inhibited release of
histamine from rat peritoneal mast cells by a maximum of 25–
34% [45,46]. However, piroxicam at concentrations ranging from
0.001–100 mM did not affect IgE-induced histamine release from
human synovial mast cells [47]. Since decreased histamine activity
induced by administration of antihistamines that block H1
receptors makes wild type mice more susceptible to piroxicam-
induced peptic ulceration, it is possible that decreased histamine
release by mast cells in the presence of piroxicam may contribute
to the ulcerogenic properties of this NSAID. However, inhibition
of mast cell histamine release cannot account for the increased
ulcer susceptibility observed in Sash mice, which lack mast cells.
Although the observations reported here were made in
genetically-modified mice that lack mast cells, they have
considerable relevance to human health. The recognition that
mast cells and the histamine that they produce is important to
mucosa during NSAID administration provides mechanisms that
may be targetable to prevent NSAID-related gastric toxicity.
Furthermore, although no mast cell-deficient humans have yet
been reported, self-treatment with antihistamines at doses
sufficient to impair mast cell function is common in atopic
individuals. Concomitant NSAID and antihistamine use (e.g. in
over-the-counter cold medications) also commonly occurs in the
setting of common viral or bacterial respiratory infections.
The concept that histamine acting via histamine H-1 receptors
may be necessary for appropriate ulcer healing may sound
counter-intuitive, given that histamine H-2-receptor antagonists
(H2RAs) are prescribed for acid reduction that is widely
recognized to facilitate healing of peptic ulcers. Note that the
H2RA ranitidine had no effect on ulcer incidence in our studies. A
Figure 4. Effect of antihistamines on piroxicam-induced peptic
ulceration. A. Treatment with the H1 receptor antagonist diphenhy-
dramine increased histologically detected peptic ulcers in WT mice
exposed to piroxicam (black bars; n=7–9 per group), to a level
comparable in mast cell-deficient Sash mice treated with piroxicam
alone (gray bar; n=18). Diphenhydramine did not affect ulcer incidence
in Sash mice exposed to piroxicam (nor shown; n=6; p,0.50). B.
Treatment with the H2 receptor antagonist ranitidine (R; dose=1.8 mg/
ml in drinking water) did not affect the incidence of piroxicam-induced
peptic ulcer in either WT (black bars) or Sash mice (gray bars). The
numbers of mice studied were: WT (n=13); WT+R (n=9); Sash (n=18);
Sash+R (n=7). For both panels, * indicates p,0.05 compared to WT
mice treated with piroxicam alone.
doi:10.1371/journal.pone.0023669.g004
Figure 5. Acid inhibition with the proton pump inhibitor omeprazole does not protect mast cell-deficient mice from development
of NSAID-induced peptic ulceration or gastric outlet obstruction. * indicates p,0.05 compared with WT mice treated with piroxicam alone.
Gastric distension by large amounts of gas is readily apparent (arrowhead) in this gross photograph of an omeprazole-reated Sash mouse on day 5 of
piroxicam treatment.
doi:10.1371/journal.pone.0023669.g005
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prevent NSAID-induced ulcers in the duodenum of humans, but
not the stomach [48]. Individual trials have reached similar
conclusions with H2RAs either being ineffective or less effective at
preventing gastric ulcers associated with aspirin or NSAIDs, either
alone or in comparison to duodenal ulcers [49–53]. In any case,
our studies clearly show that acid reduction cannot compensate for
the lack of mast cells in protection against NSAID-induced gastric
ulceration.
Taken together, our studies show that mast cells and histamine
acting via H1 receptors play a heretofore unrecognized role in
protection against and/or repair of ulceration induced by the
NSAID-piroxicam. These findings corroborate known clinical
information regarding diminished efficacy of H2RA in the
prevention of NSAID-induced gastric ulcers and call for further
investigation into the roles of mast cell-produced factors in the




Wild type C57BL/6 mice, mast cell-deficient Kit
W-sh/Kit
W-sh
(Sash) mice (strain name=B6.Cg-Kit
W-sh/HNihrJaeBsmJ; stock
#005051), mice transgenic for global expression of green
fluorescent protein (GFP) (strain name=C57BL/6-Tg(UBC-
GFP)30Scha/J; stock # 004353), and mice deficient in TNF
(strain name=B6.129S6-Tnf
tm1Gkl/J; stock # 005540) were
obtained from Jackson Laboratories (Bar Harbor, ME). Where
indicated, Sash mice were reconstituted by intraperitoneal injection
of 10
7 bone marrow-derived mast cells (BMMC) in 100 ml PBS.
BMMC were derived in vitro as described previously [54] using
bone marrow from GFP mice to facilitate documentation of
reconstitution. Mast cell-reconstituted Sash mice were used 12–16
weeks post-reconstitution and compared with age-matched
controls.
All animal studies were approved by the Institutional Animal
Care and Use Committee of Duke University (protocol numbers
A151-09-05 and A225-06-07). Sentinel mice exposed repetitively
to dirty bedding from the mice used in this study were negative for
parasites by microscopic exam, negative for Citrobacter rodentium by
fecal culture, negative by serology for a panel of 22 murine
protozoal, bacterial, and viral pathogens, including murine
parvovirus, murine hepatitis virus, and murine norovirus, and
negative for helicobacter species by fecal PCR.
Model of NSAID-Induced Peptic Ulcers
NSAID was given in powdered rodent chow (LabDiet 5001,
Purina, Framingham, MA) at 200 mg/kg diet for piroxicam and
20 mg/kg diet for ketorolac and etodolac. This dose of piroxicam
was chosen since it has been commonly used in mice, particularly to
trigger the development of chronic colitis in mouse strains that
are genetically susceptible to developing inflammatory bowel
disease (IBD), but does not cause colitis in WT or Sash mice
[54–56]. Mice were monitored daily for weight loss and for food
consumption on a per cage basis. Where indicated, omeprazole was
added to powdered diet at 400 mg/kg diet, a dose previously
documented to decrease acid secretion in mice [57]. The effect of
omeprazole on gastric pH was confirmed following euthanasia by
lavage of stomach for 1 min with 0.5 ml of purified water (pH 5.0).
Collected lavage fluid was centrifuged for 5 min (14,000 rpm in a
microfuge) prior to pH determination. Histamine antagonists were
supplied in drinking water at 0.008 or 0.040 mg/ml for diphenhy-
dramine or hydroxyzine hydrochloride and 1.8 mg/ml for
ranitidine. Food and water consumption were measured to ensure
comparable drug doses between groups.
Euthanasia was performed when mice lost .15% of body
weight, became moribund, or had completed 5–7 days of NSAID
Figure 6. NSAIDs differentially affect apoptosis and prolifera-
tion of gastric epithelial cells in vitro. A. All three NSAIDs tested
decreased proliferation of AGS cells compared with vehicle (DMSO)
alone, as measured by changes in CFSE incorporation over 3 days of
culture, with the largest decrease seen in piroxicam-treated cells (*
indicates p,0.05 vs. vehicle; ** p#0.04 vs. vehicle, ketorolac, or
etodolac). B. Survival of AGS cells measured by a tetrazolium dye-based
assay is significantly decreased by exposure to piroxicam, but not to
keterolac or etodolac. Data shown (mean 6 SD; n=12) was obtained
after 4 hrs of treatment. * indicates p,0.05 compared with DMSO
control. C. Treatment with the NSAIDs ketorolac or etodolac, but not
piroxicam, significantly increased apoptosis as indicated by increased
caspase 3 and 7 activity, shown here at 24 hrs (mean 6 SD; n=3).
doi:10.1371/journal.pone.0023669.g006
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excised en bloc for examination using hematoxylin and eosin-
stained paraffin sections. The primary outcome measure was the
presence of ulcer in the stomach or duodenum. Granulation tissue
in the stomach or duodenal wall was required for the diagnosis of
ulcer. Lesser degrees of damage were classified as gastritis/enteritis
(presence of neutrophils) or erosions (loss of epithelium). Gastric
enlargement due to outlet obstruction was used as an indicator of
ulcer severity and was classified grossly into categories of not
enlarged, enlarged 2–46normal, and enlarged .46normal.
In Vitro Studies
AGS gastric epithelial cells were obtained from the American
Type Culture Collection (Manassas, VA) and cultured in F-12
Kaighn’s nutrient mixture (Invitrogen Gibco 21127) +10%
FBS+pen/strep with and without 1 mM piroxicam, etodolac, or
ketorolac. Cell survival was assessed using a tetrazolium dye-based
assay (CellTiter96 AQ, Promega). Relative amounts of apoptosis
were determined by measuring activation of caspase-3/7 using a
fluorescent substrate assay (Apo-ONE, Promega). Cellular prolif-
eration was measured by flow cytometric quantitation of changes
in content of carboxyfluorescein succinimidyl ester (Guava Cell-
Growth Kit, Guava Technologies).
Data Analysis
The incidence of ulceration or gastric outlet obstruction
between groups was compared using Fisher’s exact (chi squared)
test. Weight loss, gastric pH, and results from in vitro studies were
compared using Student’s t-test. A value of p#0.05 was considered
to be significant.
Acknowledgments
The authors thank Paula K. Greer and Chau T. Trinh for expert technical
assistance.
Author Contributions
Conceived and designed the experiments: DDH LPH. Performed the
experiments: DDH LPH. Analyzed the data: DDH LPH. Contributed
reagents/materials/analysis tools: LPH. Wrote the paper: DDH LPH.
References
1. Kumar V, Abbas AK, Fausto N, Aster JC in Robbins and Cotran Pathologic Basis of
Disease,8
th edition Saunders Elsevier, Philadelphia, PA. 1450 p.
2. Yuan Y, Padol IT, Hunt RH (2006) Peptic ulcer disease today. Nat Clin Pract
Gastroenterol Hepatol 3: 80–89.
3. Wolfe MM, Lichtenstein DR, Singh G (1999) Gastrointestinal toxicity of
nonsteroidal antiinflammatory drugs. N Engl J Med 340: 1888–1899.
4. Singh G, Triadafilopoulos G (1999) Epidemiology of NSAID induced
gastrointestinal complications. J Rheumatol Suppl 56: 18–24.
5. Talley NJ, Evans JM, Fleming KC, Harmsen WS, Zinsmeister AR (1995)
Nonsteroidal antiinflammatory drugs and dyspepsia in the elderly. Dig Dis Sci
40: 1345–1350.
6. Tamblyn R, Berkson L, Dauphinee WD, Gayton D, Grad R, et al. (1997)
Unnecessary prescribing of NSAIDs and the management of NSAID-related
gastropathy in medical practice. Ann Intern Med 127: 429–38.
7. Barkun A, Leontiadis G (2010) Systematic review of the symptom burden,
quality of life impairment and costs associated with peptic ulcer disease.
Amer J Med 358: 366.
8. Sung JJY, Kuipers EJ, El-Serag HB (2010) Systematic review: the global
incidence and prevalence of peptic ulcer disease. Aliment Pharm Ther 29:
938–946.
9. Zhu A, Kaunitz J (2008) Gastric mucosal defense. Curr Gastroenterol Rep 10:
548–554.
10. Somasundaram S, Hayllar H, Rafi S, Wrigglesworth JM, Macpherson AJ, et al.
(1995) The biochemical basis of non-steroidal anti-inflammatory drug-induced
damagetothegastrointestinaltract:areviewandahypothesis.ScandJGastroenterol
30: 289–299.
11. Krumholz HM (2007) What have we learnt from Vioxx? Brit Med J 334:
120–123.
12. Malhotra S, Shafiq N, Pandhi P (2004) COX-2 inhibitors: a CLASS act or Just
VIGORously promoted. Med Gen Med 6: 6.
13. Bresalier RS, Sandler RS, Quan H, Bolognese JA, Oxenius B, et al. (2005)
Cardiovascular events associated with rofecoxib in a colorectal adenoma
chemoprevention trial. New Engl J Med 352: 1092–1102.
14. Hsiao FY, Tsai YW, Huang WF (2009) Changes in physicians’ practice of
prescribing cyclooxygenase-2 inhibitor after market withdrawal of rofecoxib: a
retrospective study of physician-patient pairs in Taiwan. Clin Ther 31:
2618–2627.
15. Barozzi N, Tett SE (2007) What happened to the prescribing of other COX-2
inhibitors, paracetamol and non-steroidal anti-inflammatory drugs when
rofecoxib was withdrawn in Australia? Pharmacoepidemiol Drug Saf 16:
1184–91.
16. Langenbach R, Morham SG, Tiano HF, Loftin CD, Ghanayem BI, et al. (1995)
Prostaglandin synthase 1 gene disruption in mice reduces arachidonic acid-
induced inflammation and indomethacin-induced gastric ulceration. Cell 83:
483–492.
17. Darling RL, Romero JJ, Dial EJ, Akunda JK, Langenbach R, et al. (2004) The
effects of aspirin on gastric mucosal integrity, surface hydrophobicity, and
prostaglandin metabolism in cyclooxygenase knockout mice. Gastroenterol 127:
94–104.
18. Djahanguiri B, Abtahi FS, Hemmati M (1973) Prevention of aspirin-induced
gastric ulceration by bile duct or pylorus ligation in the rat. Gastroenterol 65:
630–633.
19. Abtahi FS, Djahanguiri B (1975) Decreased incidence of indomethacin-induced
gastric ulceration in rats by bile duct diversion. Br J Surg 62: 113–4.
20. Berrozpe G, Timokhina I, Yukl S, Tajima Y, Ono M, et al. (1999) The Wsh,
W57, and Ph Kit expression mutations define tissue-specific control elements
located between 223 and 2154 kb upstream of Kit. Blood 94: 2658–2666.
21. Wolters PJ, Clair JM-S, Lewis CC, Villalta SA, Baluk P, et al. (2005) Tissue-
selective mast cell reconstitution and differential lung gene expression in mast
cell-deficient Kit
W-sh/Kit
W-sh sash mice. Clinical & Experimental Allergy 35:
82–88.
22. Echtenacher B, Mannel DN, Hultner L (1996) Critical protective role of mast
cells in a model of acute septic peritonitis. Nature 103: 75–77.
23. Malaviya R, Ikeda T, Ross E, Abraham SN (1996) Mast cell modulation of
neutrophil influx and bacterial clearance at sites of infection through TNF-a.
Nature 381: 77–80.
24. McLachlan JB, Hart JP, Pizzo SV, Shelburne CP, Staats HF, et al. (2003) Mast
cell-derived tumor necrosis factor induces hypertrophy of draining lymph nodes
during infection. Nature Immunol 4: 1199–1205.
25. Scheiman JM, Hindley CE (2010) Strategies to optimize treatment with NSAIDs
in patients at risk for gastrointestinal and cardiovascular adverse events. Clin
Ther 32: 667–677.
26. Lacy ER, Ito S (1984) Rapid epithelial restitution of the rat gastric mucosa after
ethanol injury. Lab Invest 51: 573–583.
27. Wallace JL, McKnight GW (1990) The mucoid cap over superficial gastric
damage in the rat. A high-pH microenvironment dissipated by nonsteroidal
antiinflammatory drugs and endothelin. Gastroenterol 99: 295–304.
28. Wallace JL (2008) Prostaglandins, NSAIDs, and gastric mucosal protection: why
doesn’t the stomach digest itself? Physiol Rev 88: 1547–1565.
29. Tarnawski AS (2005) Cellular and molecular mechanisms of gastrointestinal
ulcer healing. Dig Dis Sci 50: S24–33.
30. Uspenskil ˇ VM, Grinevich VB (1980) Mast cells as a criterion of repair process
activity in ulcerative stomach lesions. Arkh Patol 42: 14–19.
31. Shimada M, Kitamura Y, Yokoyama M, Miyano Y, Maeyama K, et al. (1980)
Spontaneous stomach ulcer in genetically mast-cell depleted W/Wv mice.
Nature 283: 662–664.
32. Nakajima S, Arizono N, Hattori T, Bamba T (1996) Increase in mucosal and
connective tissue-type mast cells in the stomach with acetic acid-induced ulcer in
rat. APMIS 104: 19–29.
33. Rudzki Z, Stachura J, Dabros ´ W, Brzozowski T (1995) The mast cells and an
experimental gastric ulcer. Histochemical, ultrastructural and quantitative study
in the rat. Pol J Pathol 46: 225–234.
34. Wallace JL, Granger DN (1996) The cellular and molecular basis of gastric
mucosal defense. FASEB J 10: 731–740.
35. Egozi EI, Ferreira AM, Burns AL, Gamelli RL, Dipietro LA (2003) Mast cells
modulate the inflammatory but not the proliferative response in healing wounds.
Wound Repair Regen 11: 46–54.
36. Oehmichen M, Gronki T, Meissner C, Anlauf M, Schwark T (2009) Mast cell
reactivity at the margin of human skin wounds: an early cell marker of wound
survival? Forensic Sci Int 191: 1–5.
37. Weller K, Foitzik K, Paus R, Syska W, Maurer M (2006) Mast cells are required
for normal healing of skin wounds in mice. FASEB J 20: 2366–2368.
38. Shiota N, Nishikori Y, Kakizoe E, Shimoura K, Niibayashi T, et al. (2010)
Pathophysiological role of skin mast cells in wound healing after scald injury:
study with mast cell-deficient W/W(V) mice. Int Arch Allergy Immunol 151:
80–88.
39. Jameson J, Havran WL (2007) Skin gamma delta T-cell functions in homeostasis
and wound healing. Immunol Rev 215: 114–122.
Mast Cells Protect against Peptic Ulcers
PLoS ONE | www.plosone.org 7 August 2011 | Volume 6 | Issue 8 | e2366940. Azuma T, Dojyo M, Ito S, Yamazaki Y, Miyaji H, et al. (1999) Bile reflux due to
disturbed gastric movement is a cause of spontaneous gastric ulcer in W/Wv
mice. Dig Dis Sci 44: 1177–83.
41. Hull MA, Cullen DJ, Hudson N, Hawkey CJ (1995) Basic fibroblast growth
factor treatment for non-steroidal anti-inflammatory drug associated gastric
ulceration. Gut 37: 610–612.
42. Hull MA, Knifton A, Filipowicz B, Brough JL, Vautier G, et al. (1997) Healing
with basic fibroblast growth factor is associated with reduced indomethacin
induced relapse in a human model of gastric ulceration. Gut 40: 204–210.
43. Basso D, Navaglia F, Brigato L, Di Mario F, Rugge M, et al. (1999) Helicobacter
pylori non-cytotoxic genotype enhances mucosal gastrin and mast cell tryptase.
J Clin Pathol 52: 210–214.
44. Cairns JA, Walls AF (1996) Mast cell tryptase is a mitogen for epithelial cells.
Stimulation of IL-8 production and intercellular adhesion molecule-1 expres-
sion. J Immunol 156: 275–283.
45. Grosman N (2007) Comparison of the influence of NSAIDs with different COX-
selectivity on histamine release from mast cells isolated from naı ¨ve and sensitized
rats. Intl Immunopharmacol 7: 532–540.
46. Gomes JC, Pearce FL (1988) Comparative studies on the effect of nonsteroidal
anti-inflammatory drugs (NSAID) on histamine release from mast cells of the rat
and guinea pig. Agents Actions 24: 266–71.
47. De Paulis A, Ciccarelli A, Marino ` I, De Crescenzo G, Marino ` D, et al. (1997)
Human synovial mast cells. II. Heterogeneity of the pharmacologic effects of
antiinflammatory and immunosuppressive drugs. Arthritis Rheum 40: 469–78.
48. Rostom A, Dube C, Wells G, Tugwell P, Welch V, et al. (2002) Prevention
of NSAID-induced gastroduodenal ulcers. Cochrane Database Syst Rev.
CD002296.
49. Ehsanullah RS, Page MC, Tildesley G, Wood JR (1988) Prevention of
gastroduodenal damage induced by non-steroidal anti-inflammatory drugs:
controlled trial of ranitidine. Brit Med J 297: 1017–1021.
50. Leontiadis GI, Sreedharan A, Dorward S, Barton P, Delaney B, et al. (2007)
Systematic reviews of the clinical effectiveness and cost-effectiveness of proton
pump inhibitors in acute upper gastrointestinal bleeding. Health Technol Assess
11: iii–iv1–164.
51. Taha AS, McCloskey C, Prasad R, Bezlyak V (2009) Famotidine for the
prevention of peptic ulcers and oesophagitis in patients taking low-dose aspirin
(FAMOUS): a phase III, randomised, double-blind, placebo-controlled trial.
Lancet 374: 119–125.
52. Lanas A, Garcı ´a-Rodrı ´guez LA, Arroyo MT, Bujanda L, Gomollo ´n F, et al.
(2007) Effect of antisecretory drugs and nitrates on the risk of ulcer bleeding
associated with nonsteroidal anti-inflammatory drugs, antiplatelet agents, and
anticoagulants. Am J Gastroenterol 102: 507–515.
53. Ng FH, Lam KF, Wong SY, Chang CM, Lau YK, et al. (2008) Upper
gastrointestinal bleeding in patients with aspirin and clopidogrel co-therapy.
Digestion 77: 173–177.
54. Chichlowski M, Westwood GS, Abraham SN, Hale LP (2010) Role of mast cells
in inflammatory bowel disease and inflammation-associated colorectal neoplasia
in IL-10-deficient mice. PLOS One 5: e12220.
55. Berg DJ, Zhang J, Weinstock JV, Ismail HF, Earle KA, et al. (2002) Rapid
development of colitis in NSAID-treated IL-10-deficient mice. Gastroenterol
123: 1527–1542.
56. Hale LP, Gottfried MR, Swidsinski A (2005) Piroxicam treatment of IL-10
deficient mice enhances colon epithelial apoptosis and mucosal exposure to
intestinal bacteria. Inflamm Bowel Dis 11: 1060–1069.
57. Gompertz RHK, Mant WK, Lit SK, Spencer J, Baron JH, Michalowski AS
(1991) Acid blockade by omeprazole or ICI 162846 in a chronic duodenal ulcer
model. Agents & Action 33: 161–163.
Mast Cells Protect against Peptic Ulcers
PLoS ONE | www.plosone.org 8 August 2011 | Volume 6 | Issue 8 | e23669